A simple process to produce sodium silicate powder from glass cullet has been developed. A mixture of glass powder, sodium hydroxide powder, and water was heated at temperatures of 150 to 330 °C. The effects of glass to NaOH ratio, temperature and duration, inclusion of water and fineness of NaOH were investigated. Fly ash and fly ash/GGBS blends were the precursors for alkali activated binder (AAB) mortars produced with this sodium silicate. Compressive strengths were similar to or better than those obtained with commercially available sodium silicate and sodium hydroxide solutions. FT-IR tests suggested that the reactivity of the glass derived sodium silicate powder was related to the number of non-bridging oxygen atoms in the silicate structure. Cost comparison between AAB and Portland cement concretes gave similar results for normal strength concretes (35 MPa). AAB concretes with higher strengths (50 and 70 MPa) can be cheaper than equivalent traditional concrete.
Introduction
Alkali activated binders (AAB) rely on the reaction of an aluminosilicate solid powder (called precursor) with an alkali metal (called activator). There is extensive literature on potential activators. The activator must be able to:
(a) be efficient in triggering and ensuring the full reaction with the precursor in the desired time (too long reaction times might lead to low early age strength, whilst too short reaction times can result in fast setting problems); (b) without shipping the excess glass cullet abroad), 400,000 tonnes of glass cullet would still be available for other uses than production of glass containers [21] . This recycling target of 60% was achieved and even exceeded in recent years [22] , thus, the availability of glass cullet in UK is significant. Even the process of recycling of glass produces a waste stream which is a very fine powder that is collected by dust extraction units. Due to its chemistry and its availability, waste glass is therefore a good candidate for the production of AAB. Some recent studies describe its utilisation as total or partial replacement of usual precursors, suggesting that satisfactory strength can be achieved by activation of 100% waste glass fibres with NaOH only [23] or by substituting up to 60% of fly ash in blended fly ash-ground granulated blast furnace slag (GGBS) system [24] .
Focussing on the use of waste glass for the production of low cost, environmentally friendly silicate solution, some patents [25] [26] [27] and production methods exist:
 Hydrothermal methods involve heating of the glass in an alkaline solution. Factors influencing the dissolution rate were (a) temperature, (b) glass composition, (c) particle size and (d) type of alkaline cation (Na or K) in the solution [28] [29] [30] [31] . Attempts to increase the dissolution focussed on increasing the temperature to between 150 and 250 °C which required pressure reactor vessels as the self-generated pressure was up to 30 atm. The silica dissolution was about 72% [32] . There are however concerns with regards to the corrosive nature of the solutions that can damage the pressure reactor vessels.
Temperatures less than 100 °C proved that the process works [33 -38] , but the dissolution rate was low, e.g., 26% of SiO2 from the 70% in the glass. Although these were used successfully for slag activation [33, [37] [38] their molarity was low compared to commercial solutions and thus the maximum potential strength of the precursor could not be achieved. A literature analysis of hydrothermal methods for the extraction of silicate from waste in aqueous alkali solutions was detailed in a previous study [18] .
 Thermochemical or fusion methods involve mixing glass and NaOH powders and heating the mixture to very high temperature, e.g., 500°C [39] , 650 °C [40] , and 700 to 1300 °C [41] . Conversion of glass to sodium silicate was high but the solubility of the produced powder at ambient pressure was low thus requiring reheating at 175 °C for at least one hour and still not fully dissolving. The procedure for obtaining pure sodium silicate from sand is considered "simple" chemistry and involves mixing sand with sodium hydroxide in a 2:1 mass ratio and heating to 320 °C for at least 10 minutes, although one hour is recommended. The melting point of the NaOH is about 318 °C and the following chemical reaction is produced: 2NaOH + SiO2 → Na2SiO3 + H2O (1) This procedure has the advantage that:
(a) It produces a powder rather than a solution. This makes a one-part alkali activated binder system possible.
(b) It reduces significantly the cost for the production of the activator and thus subsequently reducing the cost of alkali activated concretes.
(c) It has a lower carbon footprint as it uses low temperature process.
The research aimed at adapting the above procedure so that ground glass cullet could be used with the aim of lowering even further the required temperature for the process enabling the use of ordinary laboratory ovens. The work was carried out in four phases:
1. Assessment of the effect of variables such as (a) the SiO2 : Na2O ratio, (b) the inclusion of water, (c) the temperature and the duration of the process, (d) the fineness of NaOH on the chemical composition of the sodium silicate powder.
2. Determination of the efficiency of the sodium silicate powder when used as an activator for AAB.
Comparison of compressive strength of mortars produced using (a) glass-derived sodium silicate powder and (b) commercially available sodium silicate solution.
3. Microstructural investigation of the physico-chemical properties of the produced powder in order to understand its reactivity potential.
4.
A cost analysis for concretes to assess the economic benefits arising from the use of the glass-derived sodium silicate powder. Comparison of AAB concretes thus produced with those with commercially available sodium silicate solution and also Portland cement based ones.
Materials and experimental methods
Glass cullet was sourced from a local recycler in Northern Ireland and had glass chips of different colours and sizes as it was from domestic glass containers (bottles). It was milled by means of a Retsch PM400 Ball Mill, capable of grinding around 440 g of glass (110 g in each of the four 500 ml hardened steel grinding jars, each loaded with ten hardened steel grinding balls, 15 mm diameter) at a speed of 300 rpm. Grain size distribution was obtained by means of laser diffraction particle size analyser (Malvern Panalytical Mastersizer 2000). The D50 value (i.e. the value of the particle size at 50% in the cumulative distribution) showed that the milling time improved the fineness of the material. The D50 reduced from around 17 µm (milling for 5 minutes) to about 12 µm when the material was milled for 10 minutes, see Figure 1 . Grinding the material for 10 minutes at 300 rpm was considered suitable and adopted in this study. The oxide composition of the glass powder was obtained from X-ray fluorescence (XRF) and it is shown in Table 1 . Whilst XRF results can be considered satisfactory reference values, traces of other elements, such as Cr and Ba, which are frequently found in glass, might have not been detected. Analysis of trace elements with other techniques such as laser-induced breakdown spectroscopy [42] would give further insight on the chemistry of the glass, but this was not possible to be done for this work. An electric furnace (Carbolite RHF 1600, UK) was used for heating samples and preparing powders for X-ray diffraction tests and for Fourier Tranform Infrared spectroscopy (FTIR) tests. Powders for mortar tests were produced either with a SNOL 39/1100 electric furnace (UK) at 330 °C process temperature or with conventional laboratory ovens for lower temperatures.
X-ray diffraction (XRD) tests were carried out with a PANalytical X'Pert PRO diffractometer using pure Cu Kα 1 radiation with wavelength 1.54 Å. The X-ray generator was set to 40 kV and 40 mA, the recorded angular range was 5 to 65 or 70° (2θ) with a step close to 0.017°. PANalytical X'Pert Highscore software was used for data interpretation and Rietveld analysis. Table 1 . The powder developed in the study was used for activating the binders for mortars. Control mortar mixes were produced using commercially available sodium silicate solution (Fisher Scientific with SiO2 content equal to 25.5% and Na2O content of 12.8%, i.e. SiO2/Na2O = 2) and a sodium hydroxide solution prepared by dissolving the Atznatron caustic soda in water at 30% mass concentration. Natural sand with grain size distribution from 0 to 4 mm was used. Two 50 mm cubes for each mix were tested at 1, 7 and 28 days for compressive strength.
Cubes were kept wrapped in cling film for the first 24 hours after which they were unwrapped and left to air cure.
Samples produced with fly ash/GGBS blends were cured at room temperature, whilst samples with neat fly ash were cured in an oven at 70 °C until testing.
Results and discussion
3.1. Optimisation of thermochemical process for the production of sodium silicate powder A preliminary trial was carried out aiming to reproduce the conditions necessary for the reaction described in Eq.
(1) to develop. A dry mix of NaOH and glass powder was prepared with SiO2:Na2O mass ratio equal to 1 and processed in a furnace at a temperature of 330 °C (i.e. slightly over the NaOH melting temperature) for two hours (labelled 1-330-2). The various steps in the procedure are shown in Figure 2 . XRD analysis on the produced activating powder, see Figure 3 , showed that the thermochemical process transformed the material from a fully amorphous (diffraction pattern with a broad hump and no peaks) to a crystalline powder with a number of peaks identified as sodium silicates with different SiO2:Na2O ratios, calcium aluminium oxide and sodium carbonate. The main mineral phase was Na2SiO3 and this indicated that the procedure was successful. Fig. 3 . XRD patterns of the processed powder activator compared to the raw glass powder.
A number of parameters were therefore subsequently investigated for optimising the sodium silicate production process (minimising the unreacted glass powder): (1) the SiO2 : Na2O ratio (varied from 4:1 to 1:1), (2) the presence of water in the initial mix, (3) the process temperature, 150, 250, 330 and 450 °C, (4) the process duration, 1, 2 and 4 hours, and the fineness of NaOH, i.e. prill or ground. The various samples investigated are shown in Table 2 . Labels indicate the SiO2 : Na2O ratio followed by the process temperature, duration and whether the sample was wet or dry, and whether the NaOH was ground or not.
The SiO2 : Na2O molar ratio was calculated assuming that the SiO2 content in the glass was equal to 70% (see Table 1 ) and considering that the Na2O content in NaOH is 77.5%.
Processed activator powders were analysed with XRD in order to assess the nature and estimate the quantity of obtained silicates, as well as the degree of reaction. The presence of a hump is an indicator of the presence of amorphous material in the powder (and therefore presence of unreacted glass), whilst a nearly flat baseline suggests almost fully crystalline structures (and therefore full or almost full reaction, although some reaction products might be amorphous as well). The estimation of the amorphous content of the powders was carried out according to the method described by
Tiainen et al. [43] , which uses the area under the halo in a XRD pattern for semi-quantitative determination of the amorphous content. The method involves the following steps:
-Calculation of the integrated area under the baseline of the XRD pattern (Ab) in the range 10° to 70° (2θ).
-Calculation of the total integrated area under the XRD pattern (At) in the range 10° to 70° (2θ).
-Calculation of the ratio Ra = Ab/At.
A linear correlation exists between the ratio Ra and the amorphous content of the powder. Tiainen et al. suggested that a calibration curve should be built using known amount of amorphous contents in the investigated matrix.
However, in their study it was found that significant variation in the matrix composition did not result in major differences in the calibrating curve [43] . For this investigation, the Ra calculated for raw glass was used as calibration point for 100% amorphous content, whilst the mix 1-150-2w, being the mix resulting in the flattest baseline (determined as deviation from the horizontal line), was used as second calibration point, estimated from [43] at about 30% amorphous content. A sensitivity analysis carried out by varying the assumed amorphous content of the second calibration point by ± 10% suggested that variations were limited and acceptable under the assumptions made. Results from this exercise are shown in Table 3 . The identification of mineral phases was carried out using X'Pert software, which was also used for the Rietveld analysis for the quantification of the mineral phases. Obtained results were then corrected according to the estimation of the amorphous content, and quantities of mineral compounds were therefore assessed. Due to the semi-quantitative nature of the adopted approach, results are only precise to +/-10%. Result are shown in Table   4 . Two main factors were found to be key parameters for improving the efficiency of the reaction (i.e. maximising the crystalline content of the powder): (a) the amount and availability of Na2O (from NaOH) and (b) the addition of water in the blend before heating. Samples with SiO2 : Na2O ratio equal to 1 had the lowest amorphous content, indicating high degree of reaction, see Figure 4 . Attempts to obtain sodium silicate with a higher silica ratio, by using high amounts of glass powder, resulted in only partial reaction, e.g. sample 4-330-2 (with SiO2 : Na2O ratio equal to 4) had a very high amorphous content whilst samples with SiO2 : Na2O ratios of 2 had intermediate amorphous contents.
XRD patterns indicated that the processed activating powder had higher crystalline content when a small amount of water was added to the NaOH/glass powder blend to produce a paste before it was heated. The presence of water in sample 2-330-2w resulted in the highest reflection peaks for Na2SiO3, although certain amorphous fraction was still observed. Samples 1-330-1w and 1-330-2w, which combined the best SiO2 : Na2O ratio with the improved mixing procedure, resulted in reacted powder with very high content of sodium silicates, mainly in the form of Na2SiO3, see Figure 5 . It appears that water addition led to the partial dissolution of NaOH which then, after water evaporation due to the heating, precipitated as a thin layer around the glass powder grains. The micro (or nano) scale of the deposited NaOH layer, and thus its improved contact with glass powder grains, might have resulted in an improved reaction. Higher process temperature resulted in more complex sodium silicate forms, with increased presence of Na-rich silicates such as Na4SiO4 (i.e. 2Na2O·SiO2) and Na6Si2O7 (i.e. 3Na2O·2SiO2). Sample 2-450-2 (heated at 450 °C) was mainly Na6Si2O7, but with small quantities of Na2SiO3, Na4SiO4, and sodium calcium silicate (Na2CaSiO4).
Sample 2-330-2 (heated at 330 °C) was mainly Na2SiO3. Phase diagrams for Na2O -SiO2 systems [44, 45] suggest that a temperature above 700 °C is needed, with an excess of SiO2 (about 70%) in the mix in order to obtain sodium silicates with high SiO2 content, e.g., Na6Si8O19 (3Na2O·8SiO2).
Surprisingly, when the temperature used was below 330 °C, i.e. at 150 °C and 250 °C, obtained XRD patterns were very similar to the ones obtained at 330 °C, see Figure 6 . A possible explanation for this is that the NaOH deposited on the glass powder grains after evaporation of water (as previously described) was at a nano-size scale (as the NaOH was initially dissolved), and the NaOH melting point was consequently suppressed (due to the size of the deposited particles) [46] . Only a marginal increase of Na2SiO3 was observed when the NaOH was ground. There was also some minor presence of Na4SiO4 in sample 2-330-2f when compared to sample 2-330-2.
The above discussed results indicate that the most important process parameters to achieve the optimum reaction (i.e. processed activating powder composed of crystalline sodium silicates) were: (a) the availability of enough NaOH for achieving a theoretical SiO2 : Na2O molar ratio equal to 1, i.e. a glass powder : NaOH mass ratio equal to 11 : 10, (b) converting the powder into paste by adding water before heating, and (c) heating for 1 hour at a temperature between 150 °C and 330 °C. These optimum process parameters were therefore used for producing the activation powder used for the subsequent work.
Efficiency of the developed powder activator
In order to determine the efficiency of the powder activator, the compressive strengths of AAB mortars with the developed powder activator were compared to those with commercially available sodium hydroxide and sodium silicate.
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The developed sodium silicate powder was used for activating the binder. The amount of powder activator needed for the mortar mixes was determined based on the required alkali dosage (M+) and alkali modulus (AM). M+ is the percentage mass ratio Na2O/binder, and AM is the mass ratio Na2O/SiO2. In the literature, silica modulus (SM) is often used, i.e. the ratio SiO2/Na2O, which corresponds to 1/AM. The required SiO2 mass was calculated based on the SiO2 mass content in Na2SiO3. AM higher than 1 (i.e. SM < 1) required not only the powder activator but also extra Na2O, i.e., the Na2O exceeding the quantity available from the dissolution of the sodium metasilicate, and this was provided by adding NaOH solution (30% mass concentration).
The powder activator was dissolved in the required water volume (i.e. mass of water required for desired water to solid ratio (w/s), minus the water included in the NaOH solution) just before mixing.
According to the semi-quantitative determination of the chemical composition of powder shown in Table 4 , the activators produced with the optimised process (i.e., samples with SiO2 : Na2O ratio equal to 1 heated for 1 hour at a temperature between 150 °C and 330 °C) had about 65% in mass of silicates. However, the variability associated with the determination of the amorphous content as well as the possible presence of reacting silicates in amorphous form could lead to underestimate the actual amount of silicates. For this reason, a less conservative value of 80% was also investigated. An "efficiency factor" (EF) defined as the ratio between the available SiO2 and the mass of the powder activator ranging from 65% to 80% was assumed and tried in four series of mortars with sand-to-binder ratio = 2.75. Mixes were labelled with the following sequence: fly ash content -AM -EFpowder production temperature. When the powder was added in solid form in the mix, the letter "s" was added after the EF value. The aim of this series was to compare strengths at AM = 1.25 which has previously been shown to result in the highest possible compressive strength [47] . As such, sodium hydroxide solution in addition to the activating powder was required for achieving AM =1.25. Efficiency factors of 65% and 80% were investigated. Series I: 60%/40% fly ash/GGBS mixes with AM=1. 25 . Series I aimed at assessing the efficiency factor (EF) of the activating powder at an AM=1.25 (SM = 0.8) with 60%/40% fly ash/GGBS blends. Table 5 shows the mortar proportions and Figure 7 shows the obtained compressive strengths at 1, 7 and 28 days. The compressive strengths of the powder activator at 1-day were much lower than those with the commercial solution. However, the average compressive strength at 28-days improved considerably and they were comparable with the strength obtained with the commercially available solution. This indicated that the powder activator was participating in the reaction (higher strengths than NaOH only activated mortars) but perhaps its dissolution was slow and thus contributed to strength more at 28-days rather than early ages, i.e. 1-and 7-days. The additional NaOH added to these mixes to obtain an AM = 1.25 (SM = 0.8) was suspected of interacting with the activator powder. The next series of mixes therefore investigated an AM = 1.0 (SM = 1.0) which could be achieved with powder activator only. Table 6 shows the mix proportions of 60%/40% fly ash/GGBS binder blends investigated and Figure 8 shows the compressive strengths at 1, 7 and 28 days.
The powder activator was dissolved in water for mixes with EF of 70 % and 90%. The mix with EF of 70% was repeated but with the powder activator added directly to the mixer in solid form. 28-days. This result was surprising, since it was expected that increasing the powder content would have led to an increase in the compressive strength, as the M+ should have increased. However, for room temperature cured mixes the reaction is driven by the GGBS and the relatively low sensitivity of GGBS to variations in M+ in the investigated range could explain this result [47] . Further investigations are however needed to confirm this.
Adding the powder activator to the mix in solid form just before mixing did not have any adverse effect on the compressive strength. This makes possible a one-part alkali activated binder.
Series III: 100% fly ash mixes with AM=1.0. The previous two series investigated blends of fly ash/GGBS whilst this series aimed at assessing the efficiency factor (EF) with AM=1.0 (SM=1) of a neat fly ash binder which unlike the previous mixes required curing at 70 °C. Table 7 shows the mortar mix proportions and Figure 9 shows the compressive strengths at 1, 7 and 28 days. The mortar strengths of neat fly ash mixes (cured at 70 °C) using the powder activator assuming EF of 65% and 80% were higher than the control mixes. The efficiency of the powder activator has again been shown to be nearly equal to the commercially available ones. As previously discussed, the use of a lower EF implies more powder activator, and therefore potentially increasing the M+ of the mix if the EF assumed is not correct. For example, the amount of powder activator used for an EF of 65% would lead to an M+ exceeding 9.5% if the actual EF is 80% instead. The 28-day compressive strength would therefore be expected to be higher than the control whose M+ is only 7.5%. This confirms that an EF of about 80% is reasonable.
Series IV: fly ash/GGBS and fly ash mixes with powder processed at 150 °C. The aim of series IV was to assess the efficiency of the powder activator produced at 150 °C rather than at 330 °C. Both 60%/40% fly ash/GGBS blends and neat fly ash mixes were investigated. The efficiency factor (EF) was assumed to be 65%. Perhaps, with hindsight, an EF equal to 80% should have been more appropriate. This was not possible as series IV was done at the same time as series III. Table 8 shows the mix proportions and Figure 10 shows the compressive strengths. are also shown for comparison.
The 1-and 7-day strengths of mortars with powder activator produced at 150 °C were similar to the strengths of mortars with powder activator produced at 330 °C. However, at 28 days, fly ash/GGBS mortars with powder activator produced at 150 °C had significantly higher strengths than the mortars with powder activator produced at 330 °C, whilst the opposite was observed for neat fly ash samples. This aspect would require further investigation. -The powder activators produced with the described thermochemical process were efficient in activating precursors such as fly ash and GGBS which are commonly used in alkali activated binders.
-The actual composition of the powder, the amorphous content and the degree of dissolution in water make accurate estimates of the availability of silicates very difficult. An efficiency factor (EF) of 80% has been proposed to take into account these uncertainties.
-An AM = 1.0 (SM = 1) led to satisfactory strengths without the need for adding sodium hydroxide to increase it to AM = 1.25 (SM = 0.8).
-The powder activator was found to be efficient also when added directly to the mix in solid form together with the dry precursor. This makes possible a one-part alkali activated binder requiring only water to be added, i.e. similar to Portland cement.
-The powder activator produced at 150 °C was found to be as efficient as the one produced at 330 °C.
This has considerable savings in terms of the energy requirements and consequently reduces the carbon Compressive strength tests have shown that the efficiency of the powder activator was very good, contrary to commercially available solid sodium metasilicate (anhydrous or pentahydrate), shown by others [10, 12] not to be good in activating powder precursors. This was confirmed in this research with some tests that used powder sodium silicate pentahydrate (commercially available) on mortars with neat fly ash and fly ash/GGBS blends. The powder was either added into the mixer in dry form or pre-dissolved in water, but very low reaction was observed.
The dissolution rate was quite slow and there was no heat developed. Less than one third of the expected compressive strength was measured even after 56 days of curing in the case of neat fly ash mortar, and less than half of the expected compressive strength in the case of 60%/40% fly ash/GGBS mix.
Why the solid sodium metasilicate produced from waste glass powder was found to be reactive was therefore further investigated by a series of infrared spectroscopy tests.
FT-IR investigation on the produced powder activator
FT-IR spectra of powder activators produced at 150, 250 and 330 °C were investigated, comparing these with the ones obtained with commercially available sodium silicate pentahydrate and raw glass powder.
The raw glass powder transmission spectrum shows a main peak corresponding to the Si-O-Si stretching band at 999 cm -1 , which for amorphous pure silica should occur in the range of 1100 cm -1 [48, 49] .
The three powder activators showed a recognisable pattern in their spectra, having a broad hump in the region around 2900 cm -1 , which can be attributed to sodium carbonate [50] . No evidence of -OH bonds (which are usually associated with bands at about 3500 cm -1 and 1650 cm -1 [51] ) were observed, which would exclude the presence of unreacted NaOH, confirming the findings from the XRD analysis. Sodium carbonate presence was confirmed by the peak at 1423 cm -1 [51, 52] . The main peaks were recorded in the range 1025 to 709 cm -1 , see Figure 11 .
The addition of alkali cations in silicates results in a destruction of the silicate polymerised network. One of the effects of Na inclusion which is observed in IR spectra is the shift towards lower wavenumbers of the main peaks associated with Si-O-Si bonds stretching and bending [53 -56] . The inclusion of alkali metal cations forces the breakdown to Si-O-Si bonds and the formation of Si-O-M (where M is the alkali metal cation) and Si connection with non-bridging oxygen (NBO) [48, 53, 57] .. In amorphous solid silicate, only Q 4 groups are present [30, 33] , whilst in silicate solutions a high quantity of Q 0 groups is expected [58] [59] . An increase of alkali concentration in the silica network has been shown by others [53] to give a higher concentration of NBO groups, and their presence is known in the literature to be responsible for improving the dissolution of silica and its availability for the formation of other Si-rich structures [53, 58, 60] .
The presence of peaks that can be attributed to Si-NBO groups in the spectra of processed powder activators could explain their reactivity, as Si would be readily dissolved and available for geopolymerisation reactions. The analysis focused therefore on the sequence of peaks in the bands 1025 to 673 cm -1 observed in all processed powder activators (i.e. irrespective of the process temperature), which might suggest the presence of different species of silicates, i.e. silicate structures with oxygen bonds having different degrees of connectivity. A deconvolution of the spectrum of the powder produced at 330 °C was tried in order to better appreciate peaks in the range 600 -1200 cm -1 wavenumber. However the deconvolution fit was not suitable for a valid interpretation, and therefore the following discussion is to be considered qualitative and not quantitative.
Data available from literature [11, 49, [51] [52] [53] [54] [55] [56] [57] [58] [59] 61] were used for identifying peaks corresponding to the different structures. As known, wavenumber decreases with more NBOs present. A strong presence of Q 2 groups (at wavenumber positions 964 to 878 cm -1 ) was detected, which could suggest that some of the material was anhydrous sodium metasilicate, which, according to the literature, is composed by a chain of Si-O tetrahedra, each sharing two oxygens with adjacent Si-O groups, i.e. Q 2 [59] . However, there is also a non-negligible presence of Q 0 -Q 1 structures, particularly in the band at wavenumber 851 cm -1 , which indicates the presence of a certain number of NBO groups which can be responsible for the good reactivity observed.
From qualitative analysis of the IR spectra of the processed powder activators, it can therefore be concluded that the chemical structure of the obtained powder activators showed a disordered sodium silicate structure with a high number of reactive NBO groups, presumably concentrated on the surface of the powder grains, which allow the fast dissolution (and availability for reaction) of Si.
Cost analysis
Mix proportions for three concretes of 28-day mean compressive strengths of 35, 50 and 70 MPa, described in [62] , were used for estimating the costs per cubic metre when (a) commercially available activators and (b) powder activators were used. These were compared with equivalent strength Portland cement concretes. Compressive strength, initial setting time and initial consistency were comparable among alkali activated concretes (AAC) and Portland cement concretes. Unit costs of the constituents used for estimating the unit cost of a cubic metre of concrete are shown in Tables 9 to 11 .
The powder activator costs were estimated for the thermochemical process described above which involved heating a mix of NaOH and glass powder with mass proportions 48% / 52% at 150 °C to 330 °C for one to two hours. One hour duration has been shown to be sufficient. However, the following analysis considers two hours of heating in order to incorporate possible longer heating time that may be needed for larger quantities likely to be processed when upscaling the process from laboratory to industrial scale.
The costs associated with the production of the powder activator are:
(a) Cost of raw materials (glass cullet and powder NaOH). Cost of NaOH has been estimated to be 200 £/t from data available on industrial trading websites. Considering the required mass proportion, cost of NaOH per tonne of activator powder is about £96. The glass powder has been assumed to be available for free at source and no transportation costs have been considered. Glass powder is available from bottle recycling plants and it is currently considered to be a waste. The energy requirements for grinding the glass in case the material is available in cullet form has been estimated to be 50 kWh/t, as average Based on the above, the production cost for the powder activator was estimated to be in the range of 100 £/t (out of which about 95% is due to NaOH cost). As shown in Tables 9 to 11 , the alkali activated concrete produced with commercially sourced activators is considerably more expensive than the equivalent Portland cement concrete. Cost differences vary from 48% for the normal strength concrete -Concrete 1, decreasing to 18% for high strength concrete -Concrete 3. On the contrary, alkali activated concrete produced with the powder activator has a slightly lower cost than Portland cement concrete (4%) for normal strengths, and it is cheaper by 10% and 19% for 50 MPa and 70 MPa 28-day strength concretes respectively.
The cost of activator is between 41% and 45% of the total cost of alkali activated concretes when commercially available activators are used but it is only between 14% and 16% when the powder activator is used.
Conclusions
The development of a low cost and with a low environmental carbon footprint powder activator has been described. This is an alternative to the currently commercially available ones. The cost of currently available commercials activators is hindering the commercialisation of AAB concretes. Commercially available activators are not only expensive but also come in liquid form which has health and safety implications in their handling on site.
Main results from the investigation can be summarised as follows:
-A procedure for the production of a powder activator, composed mainly of reactive sodium silicate has been developed. This involves blending glass powder and sodium hydroxide in mass proportions of 48% / 52%, adding water to produce a paste and then heating the mixture in an oven at 150 °C to 330 °C for 1 to 2 hours.
-The efficiency of the developed powder activator was compared with commercially available activators by comparing compressive strength of mortars produced with different precursors (a blend of fly ash/GGBS on the one hand and neat fly ash on the other). The efficiency of the powder activator in activating fly ash and fly ash/GGBS binders was shown to be around 80%. This is based on the fact that compressive strengths of mortars produced with the developed powder activator had similar strengths to those of control mixes produced with commercially available activators.
-Microstructural investigation on the powder activator suggested that it was sodium metasilicate with a disordered structure showing a significant presence of Q 0 and Q 1 type silicate. This indicates high solubility and reactivity.
-The cost of concretes produced with the developed powder activator were comparable, if not cheaper, than equivalent Portland cement concretes. The developed powder activator is also expected to have a much lower carbon footprint.
In order to corroborate the results obtained, further work is envisaged in the near future, which will determine more accurately the solubility of SiO2 under the different conditions employed. The optimisation of the production step will also investigate suitable methods for the recovery of water used for the treatment, in line with EU strategy for future industrial processes with no waste.
Microstructural characterisation of pastes produced with the developed powder activator is continuing in order to determine the reaction products and whether these differ from those obtained when commercially available liquid activators are used. Porosity and pore size distribution of pastes will also be investigated.
